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In Mediterranean environments, water deficiency and heat during reproduction severely limit cereal 
crop production. Our research investigated the effects of single and combined pre-anthesis water-
deficit stress and post-anthesis heat stress in ten Australian durum genotypes, providing a systematic 
evaluation of stress response at the molecular, physiological, grain quality and yield level. We studied 
leaf physiological traits at different reproductive stages, evaluated the grain yield and quality, and the 
associations among them. We profiled the expression dynamics of two durum microRNAs and their 
protein-coding targets (auxin response factors and heat shock proteins) involved in stress adaptation. 
Chlorophyll content, stomatal conductance and leaf relative water content were mostly reduced 
under stress, however, subject to the time-point and genotype. The influence of stress on grain traits 
(e.g., protein content) also varied considerably among the genotypes. Significant positive correlations 
between the physiological traits and the yield components could be used to develop screening 
strategies for stress improvement in breeding. Different expression patterns of stress-responsive 
microRNAs and their targets in the most stress-tolerant and most stress-sensitive genotype provided 
some insight into the complex defense molecular networks in durum. Overall, genotypic performance 
observed indicates that different stress-coping strategies are deployed by varieties under various 
stresses.
Durum wheat (Triticum turgidum L. ssp. durum) is the only tetraploid wheat (2n = 4x = 28, genomes AABB) 
grown commercially worldwide, because of its unique grain characteristics and versatile end uses. Compared 
with bread wheat, durum is known for its grain hardness, high protein content, intense yellow pigmentation and 
unique nutty flavour1. Durum is mainly grown in Mediterranean environments such as the SEWANA region 
(South Europe, West Asia, and North Africa), where it is mostly rain-fed2,3. Soil conditions and environmental 
factors are important determinants of plant growth and development. In particular, drought and heat can severely 
limit the productivity and quality of staple crops like cereals, posing threats to global food security4–7. Due to 
reported climate change, the occurrence of soil water deficit and extreme temperatures are rapidly increasing8,9. 
Thus, the need to breed for cereal crops with higher yield stability and better stress adaptation is an issue of 
increasing urgency.
The key to achieving grain productivity in cereals is through successful reproductive development. Cereal 
reproduction largely depends on the flowering and grain filling processes, both of which are extremely sensitive 
to environmental conditions10–12. Water deficiency and heat stress can induce a series of physiological changes 
including photosynthetic efficiency, evapotranspiration, nutrient and water uptake, nutrient metabolism and 
transport4,11,13,14. Ultimately, these changes affect the reproductive structures, which not only limit the expression 
of yield potential, but also affect the quality of the harvested products, including starch content, protein concen-
tration, bioactive compounds, vitamins and minerals15–17. However, the effects of stress on grain yield and quality 
may differ wildly due to different timing, severity and length of stress occurrences as well as whether a genotype is 
able to maintain plant fitness and adjust reproduction under that stress. Thus, germplasm should be evaluated in 
targeted environmental conditions to provide a better understanding of the basis of stress-adaptive traits18, which 
can then be used to help improve yield and stress tolerance.
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In the Australian wheat belt, durum wheat is mainly grown in South Australia, New South Wales and western 
Victoria. Mild water-deficit stress usually occurs before flowering during spring and often continues to intensify 
through grain filling13. In wheat, water-deficit stress at pre-anthesis mostly affects floral initiation, pollen sterility 
and grain number13,19,20. Water deficiency that continues after anthesis when spikelet number and seed-set are 
mostly determined mainly affects the grain filling and grain size, through inhibition of dry matter accumula-
tion21. Grain quality traits, such as starch content and protein accumulation, are also greatly affected by water 
deficiency after flowering, through its impacts on physiological processes such as photosynthesis and assimilate 
transport21–23. Our previous reports have investigated the morphological, physiological and yield traits under 
pre-anthesis water-deficit stress in a wide durum germplasm set, which exhibited significant genotypic differ-
ences. The reduction of grain yield ranged from 2.4% to 61.5% in the 20 genotypes studied13. Stress-tolerant and 
-sensitive Australian varieties differed in the physiological attributes of their leaves at early stages of stress sug-
gesting a role for leaf responses in high yield stability24. Given that post-anthesis heat stress during reproductive 
stages is also quite common in Australian field conditions15,25,26, how these leaf physiological traits develop when 
pre-anthesis water deficit stress continues to grain fill and maturity, as well as when post post-anthesis heat stress 
occurs, is also of interest.
Studies of heat stress tolerance in cereals have been focused on two major types of heat stress4,15,26: heat shock 
and chronic heat. Extremely high temperatures (33–40 °C) for short periods of time (1–3 days) occurring peri-
odically could be considered as heat shock while relatively mild heat stress (ranging from 20–32 °C) that lasts for 
a sustained period of time is considered as chronic heat stress4,15,26,27. Both stress conditions are known to cause 
significant yield penalty and impact on grain quality but with varied effects. In a pot experiment on durum and 
bread wheat, heat shock at 40 °C could reduce grain weight up to 96% when induced at an early reproductive stage 
(7 days after anthesis)28. However, although kernel protein content was greater than the control under different 
heat treatments, the response was variable ranging from 13.8% to 17.4% (compared to 13.2% in the control). In 
another study using bread wheat cultivars, both heat shock and chronic heat stress led to significant reduction 
in grain weight, with most-evident effects when day/night temperatures were higher than 30/25 °C26. A study in 
Chile on spring wheat showed that yield reduction under moderately high temperature (25–31 °C, maintained 
under heat shock regime) largely depended on the timing of the stress with the highest yield reduction rate (30%) 
recorded for heat stress at pre-anthesis29. This is also consistent with results obtained in South Australia where 
temperatures over 30 °C during anthesis resulted in almost double the yield loss during grain fill27. Given the 
conditions of the Australian wheat belt, short episodes of severe heat stress after flowering requires more research 
attention, as such conditions are predicted to be high-risk with rising incidence due to climate change8,30,31. 
Establishing with precision, how heat stress affects current Australian durum germplasm is therefore of signifi-
cant interest to breeders so that they can make informed decisions through selection strategies.
Responses of crop plants are controlled by complex molecular processes activated upon stress perception. 
Recent advances in epigenetics suggest that genotypic diversity at the molecular level could be harnessed through 
epigenetic regulators, namely microRNAs (miRNAs), to provide new solutions for crop improvement32,33. miR-
NAs can precisely regulate the expression of their protein-coding target genes by inducing mRNA degradation 
or translational inhibition at the post-transcriptional level32–36. Compared with other mechanisms, miRNAs 
can rapidly respond to different developmental and environmental signals to modulate biological processes 
in plants. Under abiotic stress, miRNAs can reprogram the expression of downstream genes that tightly reg-
ulate adaptive physiological and/or reproductive traits, such as altered reproductive timing and alleviation of 
cellular damage32,33,37. Our previous work has examined the expression dynamics of durum miRNAs and their 
protein-coding targets under pre-anthesis water-deficit stress24,38,39. We have identified contrasting regulatory 
patterns of durum miR160 and two Auxin Response Factors (ARFs), ARF8 and ARF18, at the early stages of 
stress in both stress-tolerant and -sensitive varieties24,38. ARFs play key roles in the cellular homeostasis and sig-
nalling of auxin, a plant hormone known to orchestrate a wide range of biological and physiological processes40. 
Thus miRNA-mediated molecular changes could contribute to the genotypic differences in the physiological 
traits, ultimately affecting yield components24,32,38. However, the expression dynamics of durum miR160 and the 
ARFs during later reproductive stages such as grain fill remains unknown. We have also identified a water-deficit 
stress-responsive miRNA, miR396, which specifically targets three genes that encode high-molecular weight 
heat shock proteins (HSP90)24,38. HSPs are chaperon proteins that contribute to protein thermostability, by 
assisting newly synthesized proteins to fold properly and existing proteins to stabilize at higher temperatures41. 
Whether the expression of miR396-HSPs changes in response to post-anthesis heat stress with or without the 
co-occurrence of water-deficit stress during grain development is therefore of interest. A recent study on two 
Italian durum cultivars with contrasting water-use efficiency has also revealed cultivar-specific expression profiles 
of durum miRNAs (including miR160 and miR396) in response to heat shock and drought stress at the vegetative 
stage42. These results further support that miRNA-mediated molecular responses are linked to cultivar perfor-
mance under abiotic stress. Thus, a systematic expression analysis of the above-mentioned miRNAs at different 
time-points from grain fill until maturity, together with their targets involved in the stress response, is necessary. 
Furthermore, many reports have shown that the stress combination of water-deficit and heat often induces quite 
different molecular responses, which could not be extrapolated by observations under single stress conditions43,44. 
Analysis of the gene expression dynamics under single stress and stress combinations in parallel is therefore 
important to gain further information on the possible synergistic interactions between the two stress types.
Here, we present a systematic evaluation of selected Australian durum germplasm under single and combined 
pre-anthesis water-deficit and post-anthesis heat stress to enhance our understanding in this area. The main 
objectives were to: 1) investigate the responses of Australian durum germplasm to different types of stress at the 
molecular, physiological, yield and quality level; 2) identify high-performing germplasm under different stress 
conditions and genotypic variation in stress adaptation; and; 3) explore the possible associations among the stud-
ied traits for their potential in developing enhanced germplasm pools that can be used in breeding.
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Methods
plant materials and growing conditions. Four Australian durum varieties and six Durum Breeding 
Australia (DBA) University of Adelaide breeding lines were used in this study (Supplementary Table S1). The 
Australian durum varieties were selected based on their commercial value and their contrasting responses to 
pre-anthesis water-deficit stress13,24. The breeding lines are advanced selections from Durum Breeding Australia’s 
(DBA) southern-node breeding program. The performance of these ten genotypes under post-anthesis heat stress 
and combined stress was unknown. All seeds were provided by DBA.
Durum plants were grown in the South Australian Research and Development Institute (SARDI) glasshouse 
facility at the Waite Research Institute of the University of Adelaide. The standard growing conditions were 
22 °C/12 °C (day/night) with a 12 h photoperiod. Seeds were germinated on filter paper and germinated young 
seedlings were transferred to pots (8.5 cm × 8.5 cm × 18 cm) containing 1.2 kg of N40 sand (a type of sandy soil 
commercially provided by the South Australian Research and Development Institute) and 0.5% CaCO3(one plant 
per pot). Basal nutrient solution was supplied as previously described13.
Four treatment groups were established for each genotype: control group (CG), pre-anthesis water-deficit 
stress group (WS), post-anthesis heat stress group (HS) and water-deficit plus heat stress group (WSHS). All 
treatment groups were well-watered to field capacity (12% soil water content) from germination to booting stage. 
From booting stage (Zadoks growth stage 43), water-deficit stress (soil water content at 6%, half of field capacity) 
was applied to WS and WSHS groups on a weight basis to simulate a rain-fed environment in South Australia as 
previously described13. All pots were monitored on a daily basis to ensure accurate maintenance of the soil water 
content and thus mitigate against any rapid fluctuations. Heat stress was applied by placing the pots in a growth 
chamber under 37 °C/27 °C (day/night) with a 12 h photoperiod. HS and WSHS plants were exposed to heat 
stress for 24 h at different stages of reproduction [5, 15, 25, 35, and 45 days post anthesis (DPA)] before plants 
were moved back to standard growing conditions between each treatment time-point. Anthesis date was defined 
as when 50% of anthers were extruded on the spike. CG plants were well-watered and remained under stand-
ard growing conditions until harvest. Supplementary Fig. S1 represents a schematic view of the stress treatment 
applications.
Physiological responses, yield analysis and grain quality analysis. Chlorophyll content, leaf rel-
ative water content (RWC) and stomatal conductance (adaxial) were measured13,24 for each treatment group at 
5, 15, 25, 35 and 45DPA. At harvest, yield components including grain weight per plant, number of grains per 
plant, biomass, plant height, and number of fertile tillers per plant were determined13,45. To compare the effects 
of different stress conditions on the genotypes, the reduction rate of each yield component of each genotype was 
calculated relative to their control. For example, the biomass reduction rate of genotype DBA Aurora under WS 
was calculated as (DBA Aurora WS biomass – DBA Aurora CG biomass)/DBA Aurora CG biomass × 100%. As 
described previously13, a rank summation index (Table 1 and Supplementary Table S2) was determined for gen-
otype ranking purposes based on the yield component reduction rate under different types of stress. Genotypes 
with a higher rank summation index would have had less reduction in yield traits. Genotypes with a lower rank 
summation index had a higher reduction in yield traits. Statistical significance of all the reduction rates used for 
ranking is listed in Supplementary Table S3.
Wholemeal flour samples for measuring grain quality parameters were prepared using an IKA A11 analytical 
mill45. Protein content was determined using a Rapid N Elementar instrument based on the Dumas method 
(nitrogen content multiplied by the factor 5.7 at 11% moisture basis). Starch content was determined using the 
Total Starch Assay Kit (K-TSTA) from Megazyme according to the recommended procedure. Free, bound and 
total phenolic content of the wholemeal flour was determined as described previously45. Yellowness pigmenta-
tion (color b*, yellow-blue chromaticity) of the flour was measured using a Konica Minolta Chroma Meter45. Six 
biological replicates were used for leaf physiological traits and yield component measurements. Four biological 












DBA Aurora 10 10 8 9 10 47
L2 8 9 7 8 9 41
L1 6 7 10 7 8 38
WID802 9 8 4 10 2 33
L5 5 6 6 5 7 29
L4 7 5 3 6 5 26
DBA Spes 2 4 9 4 1 20
EGA Bellaroi 4 3 1 1 6 15
L3 3 2 2 3 4 14
L6 1 1 5 2 3 12
Table 1. Rank summation index of ten durum genotypes for their sensitivity to combined water-deficit and 
heat stress. Genotypes were ranked for each yield component and this then added together to derive the 
summation index (shown in bold). Genotypes with a higher rank summation index resulted in less yield loss 
and were more tolerant to stress. Genotypes with a lower rank summation index had more yield loss and were 
more sensitive to stress.
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Sampling, RNA extraction and qPCR. Stress-tolerant genotype DBA Aurora and stress-sensitive gen-
otype L6 (based on the rank summation index in Table 1) were selected for gene expression analysis. Flag leaf 
samples from each treatment group were collected at 5, 15, 25, 35 and 45DPA with sterile razor blades and were 
snap-frozen in liquid nitrogen. Three biological replicates were collected for each treatment at each time-point. 
Total RNA was extracted using the Tri reagent (Sigma-Aldrich) and treated with TURBO DNase (ThermoFisher 
Scientific) following the manufacturer’s instructions. The concentration and quality of RNA samples were meas-
ured on a NanoDrop Lite spectrophotometer (ThermoFisher Scientific). RNA integrity was assessed by agarose 
gel electrophoresis and Bioanalyzer. cDNA was synthesized using the MystiCq microRNA cDNA Synthesis Mix 
Kit (Sigma-Aldrich) as previously described24. qPCR analysis of miR160a and the ARFs (ARF8 and ARF18), 
miR396b and the HSP90s (CL1Contig1941, Contig102950, KukriC15_415)24,38 was performed using the 
PowerUp SYBR Green Master Mix (ThermoFisher Scientific) on a ViiA7 Real-Time PCR machine as previ-
ously described24,38. GAPDH was used as the reference gene. Primer sequences used in the study are included in 
Supplementary Table S4.
Statistical analysis. Statistical analysis of all glasshouse data was performed as described previously13,24 
using GENSTAT 15th Edn (VSN International Ltd). One-way ANOVA was performed to detect significant 
differences between four treatment groups for all physiological data (at each time-point), yield data and grain 
quality data, using the least significance difference (l.s.d.) at P < 0.05. For qPCR data analysis, the comparative 
CT (ΔΔCT) method was used to calculate the relative expression of the miRNAs and their targets. One-way 
ANOVA was performed to detect significant difference between four treatment groups at each time-point within 
a genotype using the l.s.d. at P < 0.05. One-way ANOVA was performed to detect significant differences between 
time-points within each treatment group for all genotypes using the l.s.d. at P < 0.05 (Supplementary Table S5). 
The correlation coefficients between leaf physiological traits and major yield components were determined using 
GENSTAT 15th Edn (VSN International Ltd). Correlation of chlorophyll content and stomatal conductance with 
yield components was based on individual values of the replicates from each treatment group at each time-point 
per genotype (traits were measured on the same plants). Correlation of leaf relative water content with yield com-
ponents was based on mean values of the replicates from each treatment group at each time-point per genotype.
Results
Genotype-dependent physiological responses to water-deficit and heat stress. Under WS, the 
chlorophyll content was significantly decreased compared with CG at all five time-points for all ten genotypes 
(except for L4 at 5DPA) (Fig. 1). Under HS, chlorophyll content was significantly decreased from 15DPA to 
45DPA for all genotypes. Under WSHS, a significant decrease compared with CG was observed for all genotypes 
at all time-points. When comparing the chlorophyll content between two single stress groups, genotype-depend-
ent trends were observed. For example, there was no significant difference between WS and HS at all time-points 
for DBA Spes. Chlorophyll content under HS was significantly higher than under WS for L3 at 5DPA and 15DPA. 
When comparing the single stress groups with the combined stress, the trends were also genotype-dependent. For 
example, in DBA Spes, WSHS was constantly lower than both WS and HS at all time-points. For WID802, there 
was no difference between WS and WSHS until the last time-point. Time series analysis revealed developmental 
changes of chlorophyll content within each treatment group (Supplementary Table S5). As an example, under 
CG and HS, EGA Bellaroi started exhibiting a significant decline in chlorophyll content at 25DPA compared 
with 5DPA (P < 0.001). However, under WS and WSHS, a significant drop was found early at 15DPA (P < 0.001, 
compared with 5DPA), suggesting that water deficiency impacted chlorophyll content sooner than HS alone.
For stomatal conductance, all three stress groups exhibited significant reduction for all genotypes at all 
time-points (Fig. 2). Similar to chlorophyll content, genotype-dependent responses were found when comparing 
the single stress groups and the combined stress group. For DBA Spes, WSHS had significantly lower stomatal 
conductance than both WS and HS at all time-points. DBA Aurora had significantly lower stomatal conduct-
ance in WSHS than HS at all time-points. Interestingly, WID802 and L6 exhibited the exact same pattern in 
terms of difference between the groups – no difference was found for stomatal conductance between WS, HS and 
WSHS after 25DPA. Genotypic differences were also found for the time series analysis on stomatal conductance 
(Supplementary Table S5). For example, under the control condition, both DBA Aurora and L3 did not have sig-
nificant changes in stomatal conductance until 35DPA (compared with 5DPA, P < 0.001). However, under WSHS, 
stomatal conductance in L3 significantly declined at 15 DPA while for DBA Aurora it commenced at 25DPA. The 
results suggest that the impact of WSHS on stomatal conductance develops differently across different genotypes.
For leaf RWC, all three stress groups exhibited a significant reduction for all genotypes at all time-points except 
for DBA Aurora and L2 at 5DPA (Fig. 3). When comparing the RWC between WS and HS, genotype-dependent 
trends were observed. For DBA Aurora, DBA Spes, L3 and L4, there was no significant difference between WS 
and HS at all time-points. However, for EGA Bellaroi, HS had significantly higher RWC than WS at 5DPA and 
15DPA. Significantly lower RWC in WSHS than single stress groups tended to occur in later reproductive stages. 
For example, the RWC of WSHS was significantly lower than both WS and HS starting from 25DPA in L3, and 
from 35DPA in L1. Similarly, the time series analysis of RWC exhibited different patterns dependent on the gen-
otype (Supplementary Table S5). For example, for L2, both CG and WSHS did not exhibit significant changes in 
RWC until 25DPA (P < 0.001). However, for L6, the RWC started to drop significantly in the CG and WSHS at 
15DPA (P < 0.001).
Phenotypic differences could also be observed across the ten genotypes under the stress treatments. Some 
genotypes exhibited severe stress-induced symptoms while other genotypes managed to grow and remain rela-
tively healthy. For example, in stress-sensitive genotype L6, plants under WS, HS and WSHS showed significantly 
reduced leaf greenness, reduced biomass and aborted tillers when compared with the control (Supplementary 
Fig. S2). However, for stress-tolerant genotype DBA Aurora, the plants in the stressed groups appeared 
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similar in growth to the control at early time-points, and with less severe symptoms than L6 in later time-points 
(Supplementary Fig. S3).
Effects of water-deficit and heat stress on the yield components. Biomass (Fig. 4a) was signifi-
cantly reduced under WS, HS and WSHS compared with CG for all ten genotypes (except for DBA Aurora and 
WID802 under WS). Biomass under WSHS was significantly lower than both single stress groups in five geno-
types (DBA Spes, EGA Bellaroi, L1, L4 and L6). The highest reduction rate of biomass across ten genotypes (rel-
ative to each genotype’s control) was observed in L6 under WS (−27.3%), L3 under HS (−33.8%) and L6 under 
WSHS (−52.5%) (Supplementary Table S3). Grain weight per plant (Fig. 4b) was significantly reduced under 
Figure 1. Chlorophyll content (SPAD units) of ten durum wheat genotypes at five time-points in four treatment 
groups. Means ± SE for n = 6 are shown. Different letters (a–d) denote statistically significant differences at the 
P < 0.05 level among treatment groups within a time-point. DPA, days post anthesis. CG, control group; WS, 
water stress group; HS, heat stress group; WSHS, combined water stress and heat stress group.
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all stress treatments for all genotypes. Grain weight under WSHS was significantly lower than both single stress 
groups in four genotypes (EGA Bellaroi, L2, L4 and L6). For DBA Aurora, DBA Spes, L1 and L3; HS and WSHS 
were significantly lower than WS. The highest reduction rate of grain weight was observed in EGA Bellaroi under 
WS (−34.2%), DBA Spes under HS (−48.0%) and L6 under WSHS (−60.4%) (Supplementary Table S3). Harvest 
index (Fig. 4c) was significantly reduced under all stress treatments for four genotypes (EGA Bellaroi, WID802, 
L3 and L4). The highest reduction rate of harvest index was observed in L4 under WS (−16.4%), DBA Spes under 
HS (−23.7%) and EGA Bellaroi under WSHS (−31.7%) (Supplementary Table S3).
Grain number per plant (Fig. 5a) was significantly reduced under all stress treatments for all genotypes. For 
three genotypes (EGA Bellaroi, L2 and L6), WSHS had significantly lower grain number than both WS and HS. 
WID802 showed no significant difference in grain number between the stressed groups. The highest reduction 
Figure 2. Stomatal conductance (adaxial) of ten durum wheat genotypes at five time-points in four treatment 
groups. Means ± SE for n = 6 are shown. Different letters (a–d) denote statistically significant differences at the 
P < 0.05 level among treatment groups within a time-point. DPA, days post anthesis. CG, control group; WS, 
water stress group; HS, heat stress group; WSHS, combined water stress and heat stress group.
7Scientific RepoRtS |         (2019) 9:14986  | https://doi.org/10.1038/s41598-019-49871-x
www.nature.com/scientificreportswww.nature.com/scientificreports/
rate of grain number was observed in L3 under WS (−39.0%), L3 under HS (−45.5%) and EGA Bellaroi under 
WSHS (−55.0%) (Supplementary Table S3). For 1000-grain weight (Fig. 5b), the response is quite different across 
the genotypes. For DBA Aurora, all stress treatments resulted in significantly higher 1000-grain weight than the 
control. For WID802 and L3, the highest 1000-grain weight was under WS. For L6, HS and WSHS caused signif-
icantly lower 1000-grain weight than CG and WS. All treatments had no significant influence on the 1000-grain 
weight for L1 and L2. Fertility (Fig. 5c) was significantly reduced under all stress conditions for six genotypes 
(DBA Spes, WID802, L1, L3, L4 and L6). For DBA Aurora, only HS caused a significant reduction while for L2 it 
was only WSHS. The highest reduction rate of fertility was observed in L3 under WS (−29.8%), DBA Spes under 
HS (−33.3%) and L3 under WSHS (−41.3%) (Supplementary Table S3).
Figure 3. Leaf relative water content of ten durum wheat genotypes at five time-points in four treatment 
groups. Means ± SE for n = 6 are shown. Different letters (a–d) denote statistically significant differences at the 
P < 0.05 level among treatment groups within a time-point. When no letters were shown there was no statistical 
difference (P > 0.05) detected among the treatment groups. DPA, days post anthesis. CG, control group; WS, 
water stress group; HS, heat stress group; WSHS, combined water stress and heat stress group.
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Fertile spike number per plant (Fig. 6a) was significantly reduced under all stress treatments for six genotypes 
(WID802, L1, L2, L3, L4 and L6). No difference was found between CG and WS for DBA Aurora, DBA Spes and 
L5. For EGA Bellaroi, there was no significant difference between CG and HS. L6 had the highest reduction rate 
of fertile spike number under all stress conditions (−32.1% under WS, −35.7% under HS and −35.7% under 
WSHS) (Supplementary Table S3). For the two morphological traits measured, genotype-dependent responses 
were observed. Six genotypes showed no statistical difference in main spike length among all groups (Fig. 6b). 
WID802 had the greatest main spike length under WSHS while L3 had the least under WSHS. For plant height 
(Fig. 6c), stress treatments had no impact in four genotypes (WID802, L4, L5 and L6). DBA Spes, EGA Bellaroi 
and L1 showed the same pattern where CG had the highest plant height. For L2, WS and WSHS had shorter plant 
height than CG and HS. Five other yield-related traits, including weight of all spikes per plant, spike harvest 
index, spikelet number per plant, grain number per spike and spikelet number per spike were also analysed (data 
available in Supplementary Fig. S4). Notably, the weight of all spikes per plant was significantly reduced (P < 0.05) 
under all stress treatments for all genotypes, suggesting the sensitivity of the trait to water-deficiency and heat 
stress.
In the ranking summation table based on these five major yield traits, genotypes with a higher index would 
have had a lower yield reduction rate and are likely to be stress-tolerant. Genotypes with a lower rank summation 
index had a higher reduction in yield traits and are likely to be stress-sensitive (Table 1). However, index summa-
tion provides the ranking of yield reduction rates, without an association of the significant differences between 
the genotypes. For comparison of the genotypes, P values and l.s.d. values for each yield trait are provided in 
Supplementary Table S3. The highest ranking genotype, DBA Aurora, is stress-tolerant with significantly higher 
biomass, grain weight, grain number and fertility than all the genotypes under WSHS (Supplementary Table S3). 
The lowest ranking genotype L6 is stress-sensitive, with the lowest fertility (although not significantly different to 
EGA Bellaroi and L3) and the lowest fertile tiller number (not significantly different to DBA Spes and L5) under 
WSHS among all genotypes (Supplementary Table S3).
Impacts of different stress treatments on grain quality traits are genotype-dependent. For 
protein content (Fig. 7a), the impact of stress was variable across the genotypes. For four genotypes (DBA Aurora, 
EGA Bellaroi, L3 and L5), all stress treatments induced significantly greater protein content than CG. For DBA 
Spes, HS and WSHS had significantly more protein content than CG and WS. For WID802 and L1, the highest 
Figure 4. Biomass (a), grain weight per plant (b) and harvest index (c) of ten durum wheat genotypes in 
four treatment groups. Means ± SE for n = 6 are shown. Different letters (a–c) denote statistically significant 
differences at the P < 0.05 level among treatment groups. CG, control group; WS, water stress group; HS, heat 
stress group; WSHS, combined water stress and heat stress group.
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protein content was induced by HS, while for L2, L4 and L6 it was WSHS. Five genotypes showed a decrease in 
starch content (Fig. 7b) under the three stress treatments (DBA Aurora, EGA Bellaroi, L1, L5 and L6). For DBA 
Spes, WID802 and L2, no difference was found between CG and WS. For L4, no difference was found between 
CG and HS. Stress treatments caused a significant decrease in flour colour b* (Fig. 7c) in three genotypes (EGA 
Bellaroi, L1 and L6). For DBA Spes, L3 and L4, stress did not affect the flour yellowness. For DBA Aurora, L2 and 
L5, the CG and HS treatments resulted in similar b* values. WID802 showed the highest b* value under WSHS.
For free, bound and total phenolic content in the grains, the response under different stress treatments was 
dependent on the genotype. Three genotypes had significantly lower free phenolic content (Fig. 8a) under all 
stress treatments (DBA Aurora, WID802 and L2). For DBA Spes, HS induced the highest free phenolic content 
while for L6 it was both HS and WSHS. For bound phenolic content (Fig. 8b), EGA Bellaroi and L1 had the same 
pattern where all stress treatments induced higher bound phenolic content than in the CG. For L6, the highest 
bound phenolic content was in WSHS while for L3 it was found in HS. For total phenolic content (Fig. 8c), DBA 
Spes and L6 showed the same pattern, where higher total phenolic content was found when heat stress was pres-
ent. For EGA Bellaroi and L1, all three stress treatments increased the total phenolic content with no difference 
among them. The total phenolic content of WID802 was not impacted by any stress.
Complex regulatory patterns of stress-responsive microRNAs and their targets. Durum miR160 
targets two ARFs (ARF8 and ARF18) and miR396 targets three HSP90 genes (CL1Contig1941, Contig102950, and 
KukriC15_415). The miRNAs and their targets have exhibited complex regulatory patterns in the stress-tolerant 
genotype DBA Aurora and the stress-sensitive genotype L6 (Fig. 9). For DBA Aurora, WS induced the expres-
sion of miR160 at 5DPA, but reduced its expression at 35DPA (Fig. 9a). Under HS, miR160 was upregulated 
at all time-points except for 35DPA. WSHS did not induce any change of miR160 at 5DPA and 35DPA, but an 
upregulation was observed at all other time-points. ARF8 and ARF18 exhibited very similar expression patterns 
in DBA Aurora (Fig. 9a). Both HS and WSHS induced significantly higher expression of the ARFs than CG and 
WS at 5DPA, for ARF18 it also had the same pattern at 25DPA and 45DPA. For L6, no significant difference was 
observed among treatments at 5DPA for the expression of miR160 and ARF8. Similar to DBA Aurora, both HS 
and WSHS resulted in significantly higher expression than CG and WS at 15DPA for miR160, and 25DPA for the 
ARFs.
Figure 5. Grain number per plant (a), 1000-grain weight (b) and fertility (c) of ten durum wheat genotypes 
in four treatment groups. Means ± SE for n = 6 are shown. Different letters (a–c) denote statistically significant 
differences at the P < 0.05 level among treatment groups. When no letters were shown there was no statistical 
difference (P > 0.05) detected among the treatment groups. CG, control group; WS, water stress group; HS, heat 
stress group; WSHS, combined water stress and heat stress group.
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For miR396 expression in DBA Aurora, HS induced the highest level at 5DPA and 25DPA (Fig. 9b). WSHS 
induced the higher miR396 expression at 15DPA. For the HSP90s, CL1Contig1941 and Contig102950 exhibited 
similar expression patterns in DBA Aurora (Fig. 9b). HS induced very high expression of both genes at 5DPA, 
and WSHS at 15DPA. For KukriC15_415, all stress treatments led to a significant reduction at 5DPA and 35DPA 
in DBA Aurora. However, significant upregulation of KukriC15_415 was observed under WSHS at 15DPA and 
HS at 25DPA. For miR396 expression in L6, no difference was found at 5DPA (Fig. 9b). The highest expression of 
miR396 was found under WSHS at 15DPA and under WS at 25DPA. At 45DPA, miR396 was downregulated only 
by WS. In L6, CL1Contig1941 and Contig102950 showed significantly higher expression under HS and WSHS 
at 5DPA and 45DPA, to a greater extent than DBA Aurora. For KukriC15_415, the expression pattern was quite 
different at each time-point, similar to its expression in DBA Aurora. A significant increase of KukriC15_415 
expression was noted at 25DPA and 45DPA under the WS treatment.
Significant correlations between leaf physiological traits and yield components. To understand 
the physiological basis of yield performance under stress and possibly assist future selection strategies in breed-
ing programs, the correlation coefficients between leaf physiological traits and major yield components were 
determined (Table 2). Overall, significant medium to strong positive correlations were found between the three 
physiological traits measured at different time-points and the four major yield components. The correlation coef-
ficients ranged between 0.514 and 0.833 (P < 0.01) but at which time-point the correlation was strongest, differed. 
For example, the strongest correlation between biomass and chlorophyll content was found for the measurements 
made at 45DPA (r = 0.6398). For stomatal conductance, the strongest correlation with biomass was found for 
the measurements made at 25DPA (r = 0.7007). The highest correlation coefficient reported overall was between 
grain weight per plant and leaf relative water content at 5DPA (r = 0.8333).
Discussion
Flowering and grain filling are critical periods of cereal reproduction. Both water deficiency and high temper-
atures during these critical periods are known to cause significant yield loss in cereals4,13,46,47. Previous studies 
have shown that the combination of two stresses is often detrimental, causing significantly more yield reduction 
than a single stress alone4,16,48,49. In the present study, the effects of stress combination were more pronounced on 
Figure 6. Fertile spike number (a), main spike length (b) and plant height (c) of ten durum wheat genotypes 
in four treatment groups. Means ± SE for n = 6 are shown. Different letters (a–c) denote statistically significant 
differences at the P < 0.05 level among treatment groups. When no letters were shown there was no statistical 
difference (P > 0.05) detected among the treatment groups. CG, control group; WS, water stress group; HS, heat 
stress group; WSHS, combined water stress and heat stress group.
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certain yield traits. However, the effects were not necessarily additive and it depended upon the genotype. For 
example, even though all stress treatments have led to a significant reduction in grain number for all genotypes, 
the effect of a single HS treatment was more severe than a single WS treatment in several genotypes (Fig. 5b), 
with no greater impact observed with the combined stress treatment. DBA Aurora and DBA Spes also showed 
more sensitivity to HS in terms of spike fertility. Elevated night-time temperature (≥20 °C) has been reported to 
significantly decrease fertility and grain number in bread wheat50. The reduction was caused by embryo abortion 
due to limited photosynthetic activity under heat stress50. However, for genotypes like L2 and L6, where WS and 
HS only caused a moderate reduction in grain number and fertility, the effects of these stresses combined were 
more severe. This was most likely due to the possible synergistic interactions of two types of stress and its impli-
cation on photosynthetic activity that affect seed-set and embryo development4,51. These results justify the need 
to evaluate specific yield traits under different targeted environmental conditions in the field. Moreover, although 
controlled environments can provide valuable experimental data where a specific stress condition can be targeted, 
the limitations in extrapolating pot-based experiments to crop performance in the field must be acknowledged52. 
This is especially the case for water stress, due to the relatively low water retention capacity in pot trials that may 
not conclusively represent field conditions where stress can slowly develop over a sustained period of time. For 
experiments conducted in controlled environments, soil water content in pots must be monitored frequently to 
prevent intense stress shock that is unintended. Moreover, for breeding and selection purposes, larger-scale field 
trials need to be incorporated to evaluate yield performance and to select for stress-tolerant genotypes suited for 
the Australian wheat belt.
The grain traits measured in this study varied over a wide range in individual genotypes under different 
stress conditions. High protein content is crucial to ensure the development of high quality end-use products in 
durum1,53. Reports in both durum and bread wheat have shown that high temperature during grain filling can 
significantly increase grain protein content25,48,54. However, such increases in protein content were not necessarily 
associated with better grain quality. In this study, the presence of heat stress (HS and WSHS) has led to higher 
protein content in several genotypes (such as DBA Spes and L1). However, heat stress also induced a higher 
reduction of total starch content in these genotypes. The increase of grain protein content under heat stress could 
be attributed to the reduced 1000-grain weight observed, which is consistent with previous reports where higher 
protein content was associated with lower grain size under stress22,49, thus the overall accumulation of protein in 
Figure 7. Grain quality attributes of ten durum wheat genotypes in four treatment groups: (a) protein content, 
(b) total starch content and (c) flour yellowness (+b*). Means ± SE for n = 4 are shown. Different letters (a–c) 
denote statistically significant differences at the P < 0.05 level among treatment groups. When no letters were 
shown there was no statistical difference (P > 0.05) detected among the treatment groups. CG, control group; 
WS, water stress group; HS, heat stress group; WSHS, combined water stress and heat stress group.
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the grains was not actually improved. However, we have identified durum genotypes in which the grain quality 
traits were not influenced by stress. For example, protein content of L2 and L6 remained similar to the control 
under HS. The reduction of starch content in L2 under HS was also minimal (6.4%). Moreover, none of the stress 
treatments had any significant impact on the 1000-grain weight of L2. Furthermore, stress could even induce 
certain grain traits that are possibly beneficial in some genotypes. Bioactive compounds like phenolic compounds 
in wholegrain products present health-promoting benefits when consumed45,55. Previous reports have also sug-
gested that the antioxidant properties of phenolic acids could be associated with the stress tolerance capacity 
through contributions towards ROS scavenging56,57. Here, significant increases of free, bound and total phenolic 
content under stress were noted, specific to certain genotypes. The highest increase was recorded for DBA Spes, 
where its total phenolic content increased by 29% under WSHS. The accumulation of yellow-amber pigmentation 
in the grains is another favourable quality trait for durum. High yellow pigmentation adds the nutritional value 
(mainly from carotenoids) and aesthetic appeal in marketing end-use products58,59. Here, how flour yellowness 
was influenced by stress depended upon the stress type and genotype. For example, under WSHS, colour b* of 
WID802 significantly increased by 8.4% but for L1 and L2, a significant decline was observed when exposed to 
combined stress (−12.5% and −16.0%, respectively). Such phenomena is consistent with previous reports where 
flour pigmentation showed dependence on the genotype being investigated48,49. The results provide new knowl-
edge on the selected Australian germplasm when considering breeding for combined high grain quality traits and 
improved yield under stressed environments.
In the leaf tissue, photosynthetic activity, transpiration and cellular water status are all very sensitive to water 
deficiency and high temperature. These leaf traits are the first affected during stress13,24,60,61. In this study, sub-
stantial variation was observed for leaf physiological traits under single and combined stress across the durum 
genotypes. The influence of stress depends on the time-point of measurement (thus length of stress) and gen-
otype. Previous reports have suggested that combined water-deficit and heat stress usually have a much more 
severe impact on the physiological traits than a single stress alone4,62. In our study, whether combined stress was 
more influential was genotype-dependent. Combined stress had greater impact on the chlorophyll content than 
a single stress in the genotypes that were more sensitive to stress, such as L6 and L3. For genotypes that are more 
stress-tolerant like DBA Aurora, chlorophyll content under combined stress showed no difference to at least one 
single stress treatment. Furthermore, even though stomatal conductance decreased significantly under all stress, 
Figure 8. Free (a), bound (b) and total (c) phenolic content of wholemeal flour of ten durum wheat genotypes 
in four treatment groups. Means ± SE for n = 4 are shown. Different letters (a–c) denote statistically significant 
differences at the P < 0.05 level among treatment groups. When no letters were shown there was no statistical 
difference (P > 0.05) detected among the treatment groups. CG, control group; WS, water stress group; HS, heat 
stress group; WSHS, combined water stress and heat stress group.
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it was inhibited to a greater extent in stress-sensitive genotypes (L6 and L3). Similarly, DBA Aurora maintained 
a higher percentage of RWC (even at 45DPA) than stress-sensitive genotypes. The performance of stress-tolerant 
genotypes could be attributed to the coordination of physiological responses. The importance of maintaining 
Figure 9. The expression patterns of microRNAs and their targets in the flag leaf of two durum wheat 
genotypes at five time-points in four treatment groups: (a) miR160a and two ARFs, (b) miR396b and three 
HSPs. Different letters (a–d) denote statistically significant differences at the P < 0.05 level among treatment 
groups within a time-point. When no letters were shown there was no statistical difference (P > 0.05) detected 
among the treatment groups. DPA, days post anthesis. CG, control group; WS, water stress group; HS, heat 
stress group; WSHS, combined water stress and heat stress group.
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cellular turgidity (as reflected by RWC) required for plant growth and survival is widely recognized13,24,63,64. 
Stomatal conductance, which determines the CO2 and water vapour diffusion in/out of the leaf, indicates the reg-
ulation and control of photosynthetic and transpiration responses in response to stress24,65. The reduction of sto-
matal conductance in stress-tolerant genotypes could help to maintain cellular water turgidity, but not as much as 
in the stress-sensitive genotypes where transpiration activity and carbon dioxide supply would be severely inhib-
ited. Thus the photosynthetic capacity could be maintained in stress-tolerant genotypes. Maintained leaf RWC, 
and subsequently less damage, would likely allow the chlorophyll content to be maintained leading to greater 
photosynthetic capacity66,67. Efficient photosynthesis under abiotic stress has a decisive role in the development 
of reproductive tissues, the accumulation of reserve nutrients and may also directly affect the final grain yield4. 
The reduced inhibition of stomatal conductance and the maintenance of RWC and chlorophyll content that we 
observed in stress-tolerant varieties, likely reduced the negative impacts on the reproductive organs contributing 
to the maintenance of grain number and grain weight at harvest. Thus, leaf traits associated with better physio-
logical performance are often used in phenotyping techniques for making breeding decisions68,69. Here, we found 
moderate to strong positive correlations between leaf physiological traits and yield components. Interestingly, the 
strongest correlation coefficients were found at different time-points for each physiological trait/yield component 
combination. Chlorophyll content had a stronger correlation with yield components at later developmental stages 
(35DPA or 45DPA), whereas the correlations between RWC and the yield components were the strongest at early 
stages of grain development (5DPA or 15DPA). For stomatal conductance, time-points with the strongest corre-
lation varied but the strongest correlation was at 5DPA with grain weight, suggesting that the coordinating role 
of stomatal conductance could be of great importance at the start of grain formation. Our results indicated that 
germplasm screening under water-deficit and heat stress conditions needs to consider the timing of physiological 
phenotyping to better predict yield performance, based on the type of trait used. However, due to the limitations 
of pot-based experiments, investigation under field conditions on a larger scale needs to be taken to further 
inform strategic trait-based crossing and selection in breeding.
In this study, the response patterns of durum miRNAs and their targets were dependant on the genotype, the 
time-point of grain development and the stress type. We have experimentally validated that under water stress 
that occurred before flowering, durum miR160 specifically targets ARF8 and ARF18, both crucial regulators of 
many auxin-mediated processes within plant development and stress adaptation24,38. However, in this study, no 
significant changes of ARFs could be found under water-deficit stress (except for 45DPA in L6). This suggests that 
miR160/ARFs-mediated water stress responses are predominantly activated at early reproductive stages rather 
than later during grain filling. Interestingly, the miR160-ARFs signalling pathways were activated when heat 
stress was present. Significant increases in ARF expression were found under HS and WSHS. miR160 was also 
upregulated by heat at several time-points investigated. These results are consistent with studies in bread wheat 
and barley, where miR160 was heat-induced70,71. Transcriptome analysis in bread wheat has also revealed that 
high temperature stress can activate auxin signal pathways involving multiple ARFs and AUX/IAA proteins72. 
Such patterns could contribute to heat stress tolerance through auxin signalling and positive response of auxin 
homeostasis, contributing to the adaptive traits observed at the physiological level such as maintained photosyn-
thetic activity72.
Here, we also reported the first expression profiling of durum miR396-HSPs under stress during reproduction. 
Similar to previous studies73–76, the expression patterns depended upon the genotype and timing. A significant 
increase of miR396 was found in DBA Aurora at a very early stage (5DPA), where such responses occurred in 
L6 at 15DPA. Two HSP90s were significantly induced at early reproductive stages in both genotypes when heat 
stress was present. HSPs assist other proteins to fold properly, prevent unwanted denaturation, and maintain their 
functional state under elevated temperatures41,77. Thus stress-induced HSPs in durum could assist in protecting 
cellular protein stability against heat. In addition, HSPs play a role in protecting the photosynthetic electron trans-
port chain to prevent damage in the chloroplasts78,79, which would help maintain high chlorophyll content under 
stress. The links between durum miR396-HSPs and phenotypic performance require further investigation with 
specific focus on photosynthetic thermotolerance. The expression patterns observed in this study have also con-
firmed that the regulatory relationships between miRNAs and the targets are not one-on-one specific. Feedback 































Biomass 0.6084 0.6143 0.6252 0.6196 0.6398 0.6993 0.6984 0.7007 0.6856 0.6882 0.7877 0.8003 0.7969 0.6687 0.6406
Grain Weight 0.6371 0.6568 0.6664 0.6880 0.7121 0.7567 0.7516 0.7537 0.7505 0.7474 0.8333 0.8206 0.8163 0.7559 0.7239
Harvest Index 0.5143 0.5531 0.5570 0.6305 0.6607 0.6165 0.6090 0.6022 0.6215 0.6102 0.7498 0.6663 0.6546 0.7436 0.7055
Grain Number 0.6226 0.6307 0.6311 0.6323 0.6128 0.7424 0.7380 0.7422 0.7339 0.7228 0.8166 0.8196 0.8106 0.7661 0.6855
Table 2. Correlation coefficients (r) between yield components and physiological traits at different time-points 
in ten durum wheat genotypes. CC, chlorophyll content; SC, stomatal conductance; RWC, leaf relative water 
content; DPA, days post anthesis. Correlation of CC and SC with yield components is based on individual values 
of six biological replicates from each of the four treatment groups, at each of the five time-points per genotype 
(n = 240). Correlation of RWC with yield components is based on the mean values of the replicates from 
each treatment group at each time-point per genotype (n = 40). All correlations were statistically significant 
(P < 0.01). The highest correlation coefficient between a yield component and each physiological trait is 
highlighted in bold.
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factors32,37. To fully elucidate the epigenetic basis in durum, a high-throughput study of the whole miRNA tran-
scriptome using Australian germplasm is currently underway. Such complex studies have been undertaken, 
knowing that the genome assembly of durum wheat80 and the fast development of next-generation technologies 
are now readily available.
In conclusion, we have identified Australian durum genotypes with high resilience and productivity specific to 
each stress, and the stress-adaptive traits associated with their production capacity. The impacts of high temper-
ature and water deficiency on the productivity and quality highly depend on the genotype and the combination 
of stress. While the traits studied provide valuable information towards understanding reproductive-stage stress 
response under controlled environments, future validation under field conditions will no doubt bring additional 
opportunities for germplasm evaluation and selection in breeding. Moreover, while epigenetic breeding is in its 
infancy, the precise integration of desired molecular traits along with favourable agronomic traits will certainly 
provide new strategies to develop superior germplasm.
Data availability
All data generated or analysed during this study are included in this article (and its Supplementary Information files).
Received: 3 July 2019; Accepted: 29 August 2019;
Published: xx xx xxxx
References
 1. Sissons, M. Role of durum wheat composition on the quality of pasta and bread. Food 2, 75–90 (2008).
 2. Habash, D. Z., Kehel, Z. & Nachit, M. Genomic approaches for designing durum wheat ready for climate change with a focus on 
drought. J. Exp. Bot. 60, 2805–2815, https://doi.org/10.1093/jxb/erp211 (2009).
 3. Moragues, M., del Moral, L. F. G., Moralejo, M. & Royo, C. Yield formation strategies of durum wheat landraces with distinct pattern 
of dispersal within the Mediterranean basin I: Yield components. Field Crops Res. 95, 194–205, https://doi.org/10.1016/j.
fcr.2005.02.008 (2006).
 4. Barnabás, B., Jäger, K. & Fehér, A. The effect of drought and heat stress on reproductive processes in cereals. Plant Cell Environ. 31, 
11–38, https://doi.org/10.1111/j.1365-3040.2007.01727.x (2008).
 5. Giunta, F., Motzo, R. & Deidda, M. Effect of drought on yield and yield components of durum wheat and triticale in a Mediterranean 
environment. Field Crops Res. 33, 399–409 (1993).
 6. Duggan, B. L., Richards, R. A. & Tsuyuzaki, H. Environmental effects on stunting and the expression of a tiller inhibition (tin) gene 
in wheat. Funct. Plant Biol. 29, 45–53, https://doi.org/10.1071/pp01085 (2002).
 7. Modhej, A., Naderi, A., Emam, Y., Aynehband, A. & Normohamadi, G. Effects of post-anthesis heat stress and nitrogen levels on 
grain yield in wheat (T. durum and T. aestivum) genotypes. Int. J. Plant Prod. 2, 257–268 (2012).
 8. Teixeira, E. I., Fischer, G., Van Velthuizen, H., Walter, C. & Ewert, F. Global hot-spots of heat stress on agricultural crops due to 
climate change. Agric. For. Meteorol. 170, 206–215, https://doi.org/10.1016/j.agrformet.2011.09.002 (2013).
 9. Lobell, D. B. & Gourdji, S. M. The influence of climate change on global crop productivity. Plant Physiol. 160, 1686–1697, https://doi.
org/10.1104/pp.112.208298 (2012).
 10. Powell, N., Ji, X., Ravash, R., Edlington, J. & Dolferus, R. Yield stability for cereals in a changing climate. Funct. Plant Biol. 39, 
539–552, https://doi.org/10.1071/FP12078 (2012).
 11. Farooq, M., Hussain, M. & Siddique, K. H. Drought stress in wheat during flowering and grain-filling periods. Crit. Rev. Plant Sci. 
33, 331–349, https://doi.org/10.1080/07352689.2014.875291 (2014).
 12. Talukder, A., McDonald, G. K. & Gill, G. S. Effect of short-term heat stress prior to flowering and early grain set on the grain yield of 
wheat. Field Crops Res. 160, 54–63, https://doi.org/10.1016/j.fcr.2014.01.013 (2014).
 13. Liu, H., Searle, I. R., Mather, D. E., Able, A. J. & Able, J. A. Morphological, physiological and yield responses of durum wheat to pre-
anthesis water-deficit stress are genotype-dependent. Crop Pasture Sci. 66, 1024–1038, https://doi.org/10.1071/CP15013 (2015).
 14. Dong, B. et al. Effects of drought stress on pollen sterility, grain yield, abscisic acid and protective enzymes in two winter wheat 
cultivars. Front. Plant Sci. 8, 1008, https://doi.org/10.3389/fpls.2017.01008 (2017).
 15. Stone, P. & Nicolas, M. Wheat cultivars vary widely in their responses of grain yield and quality to short periods of post-anthesis heat 
stress. Funct. Plant Biol. 21, 887–900 (1994).
 16. Kiliç, H. & Yağbasanlar, T. The effect of drought stress on grain yield, yield components and some quality traits of durum wheat 
(Triticum turgidum ssp. durum) cultivars. Not. Bot. Hort. Agrobot. Cluj 38, 164–170, https://doi.org/10.15835/nbha3814274 (2010).
 17. Sissons, M., Pleming, D., Taylor, J. D., Emebiri, L. & Collins, N. C. Effects of heat exposure from late sowing on the agronomic and 
technological quality of tetraploid wheat. Cereal Chem. 95, 274–287, https://doi.org/10.1071/CP13431 (2018).
 18. Tuberosa, R. Phenotyping for drought tolerance of crops in the genomics era. Front Physiol. 3; https://doi.org/10.3389/
fphys.2012.00347 (2012).
 19. Ji, X. et al. Importance of pre-anthesis anther sink strength for maintenance of grain number during reproductive stage water stress 
in wheat. Plant Cell Environ. 33, 926–942, https://doi.org/10.1111/j.1365-3040.2010.02130.x (2010).
 20. Dolferus, R., Ji, X. & Richards, R. A. Abiotic stress and control of grain number in cereals. Plant Sci. 181, 331–341, https://doi.
org/10.1016/j.plantsci.2011.05.015 (2011).
 21. Plaut, Z., Butow, B., Blumenthal, C. & Wrigley, C. Transport of dry matter into developing wheat kernels and its contribution to grain 
yield under post-anthesis water deficit and elevated temperature. Field Crops Res. 86, 185–198, https://doi.org/10.1016/j.
fcr.2003.08.005 (2004).
 22. Balla, K. et al. Quality of winter wheat in relation to heat and drought shock after anthesis. Czech J. Food Sci. 29, 117–128 (2011).
 23. Guttieri, M. J., Stark, J. C., O’Brien, K. & Souza, E. Relative sensitivity of spring wheat grain yield and quality parameters to moisture 
deficit. Crop Sci. 41, 327–335 (2001).
 24. Liu, H., Able, A. J. & Able, J. A. Genotypic water-deficit stress responses in durum wheat: association between physiological traits, 
microRNA regulatory modules and yield components. Funct. Plant Biol. 44, 538–551 (2017).
 25. Blumenthal, C., Batey, I., Bekes, F., Wrigley, C. & Barlow, E. Seasonal changes in wheat-grain quality associated with high 
temperatures during grain filling. Aust. J. Agric. Res. 42, 21–30 (1991).
 26. Wardlaw, I. F., Blumenthal, C., Larroque, O. & Wrigley, C. W. Contrasting effects of chronic heat stress and heat shock on kernel 
weight and flour quality in wheat. Funct. Plant Biol. 29, 25–34 (2002).
 27. Telfer, P. et al. A field and controlled environment evaluation of wheat (Triticum aestivum) adaptation to heat stress. Field Crops Res. 
229, 55–65, https://doi.org/10.1016/j.fcr.2018.09.013 (2018).
 28. Corbellini, M. et al. Effect of the duration and intensity of heat shock during grain filling on dry matter and protein accumulation, 
technological quality and protein composition in bread and durum wheat. Funct. Plant Biol. 24, 245–260 (1997).
1 6Scientific RepoRtS |         (2019) 9:14986  | https://doi.org/10.1038/s41598-019-49871-x
www.nature.com/scientificreportswww.nature.com/scientificreports/
 29. Lizana, X. & Calderini, D. Yield and grain quality of wheat in response to increased temperatures at key periods for grain number 
and grain weight determination: considerations for the climatic change scenarios of Chile. J. Agric. Sci. 151, 209–221, https://doi.
org/10.1017/S0021859612000639 (2013).
 30. Lobell, D. B. et al. The shifting influence of drought and heat stress for crops in northeast Australia. Glob. Chang Biol. 21, 4115–4127, 
https://doi.org/10.1111/gcb.13022 (2015).
 31. Turner, N. C., Molyneux, N., Yang, S., Xiong, Y.-C. & Siddique, K. H. Climate change in south-west Australia and north-west China: 
challenges and opportunities for crop production. Crop Pasture Sci. 62, 445–456, https://doi.org/10.1071/CP10372 (2011).
 32. Liu, H., Able, A. J. & Able, J. A. SMARTER de-stressed cereal breeding. Trends Plant Sci. 21, 909–925, https://doi.org/10.1016/j.
tplants.2016.07.006 (2016).
 33. Budak, H., Kantar, M., Bulut, R. & Akpinar, B. A. Stress responsive miRNAs and isomiRs in cereals. Plant Sci. 235, 1–13, https://doi.
org/10.1016/j.plantsci.2015.02.008 (2015).
 34. De Paola, D., Zuluaga, D. L. & Sonnante, G. The miRNAome of durum wheat: isolation and characterisation of conserved and novel 
microRNAs and their target genes. BMC Genomics 17, 505 (2016).
 35. Zuluaga, D. L., Liuzzi, V., Curci, P. L. & Sonnante, G. MicroRNAs in durum wheat seedlings under chronic and short-term nitrogen 
stress. Funct. Integr. Genomics 18, 645–657, https://doi.org/10.1007/s10142-018-0619-7 (2018).
 36. Zuluaga, D. L., De Paola, D., Janni, M., Curci, P. L. & Sonnante, G. Durum wheat miRNAs in response to nitrogen starvation at the 
grain filling stage. PLoS One 12, e0183253, https://doi.org/10.1371/journal.pone.0183253 (2017).
 37. Alptekin, B., Langridge, P. & Budak, H. Abiotic stress miRNomes in the Triticeae. Funct. Integr. Genomics, 1-26; https://doi.
org/10.1007/s10142-016-0525-9 (2016).
 38. Liu, H., Able, A. J. & Able, J. A. Water-deficit stress responsive microRNAs and their targets in four durum wheat genotypes. Funct. 
Integr. Genomics 17, 237–251, https://doi.org/10.1007/s10142-016-0515-y (2017).
 39. Liu, H. et al. Genome-wide identification of microRNAs in leaves and the developing head of four durum genotypes during water 
deficit stress. PLoS One 10, e0142799, https://doi.org/10.1371/journal.pone.0142799 (2015).
 40. Sharma, E., Sharma, R., Borah, P., Jain, M. & Khurana, J. P. In Elucidation of abiotic stress signaling in plants (ed. Pandey, G. K.) 
299–328 (Springer, 2015).
 41. Wang, W., Vinocur, B., Shoseyov, O. & Altman, A. Role of plant heat-shock proteins and molecular chaperones in the abiotic stress 
response. Trends Plant Sci. 9, 244–252, https://doi.org/10.1016/j.tplants.2004.03.006 (2004).
 42. Giusti, L. et al. microRNAs differentially modulated in response to heat and drought stress in durum wheat cultivars with contrasting 
water use efficiency. Funct. Integr. Genomics 17, 293–309, https://doi.org/10.1007/s10142-016-0527-7 (2017).
 43. Rampino, P. et al. Novel durum wheat genes up-regulated in response to a combination of heat and drought stress. Plant Physiol. 
Biochem. 56, 72–78, https://doi.org/10.1016/j.plaphy.2012.04.006 (2012).
 44. Aprile, A. et al. Different stress responsive strategies to drought and heat in two durum wheat cultivars with contrasting water use 
efficiency. BMC Genomics 14; https://doi.org/10.1186/1471-2164-14-821 (2013).
 45. Liu, H., Bruce, D. R., Sissons, M., Able, A. J. & Able, J. A. Genotype-dependent changes in the phenolic content of durum under 
water-deficit stress. Cereal Chem. 95, 59–78, https://doi.org/10.1002/cche.10007 (2018).
 46. Dong, B. et al. Grain yield and water use efficiency of two types of winter wheat cultivars under different water regimes. Agric. Water 
Manag. 99, 103–110, https://doi.org/10.1016/j.agwat.2011.07.013 (2011).
 47. Dong, B. et al. Different growing strategies of two winter wheat cultivars under rainfed conditions during dry years in North China 
Plain. Int. J. Agric. & Biol. Eng. 11, 150–159 (2018).
 48. Li, Y.-F., Wu, Y., Hernandez-Espinosa, N. & Peña, R. J. Heat and drought stress on durum wheat: responses of genotypes, yield, and 
quality parameters. J. Cereal Sci. 57, 398–404, https://doi.org/10.1016/j.jcs.2013.01.005 (2013).
 49. Guzmán, C. et al. Response to drought and heat stress on wheat quality, with special emphasis on bread-making quality, in durum 
wheat. Field Crops Res. 186, 157–165, https://doi.org/10.1016/j.fcr.2015.12.002 (2016).
 50. Prasad, P., Pisipati, S., Ristic, Z., Bukovnik, U. & Fritz, A. Impact of nighttime temperature on physiology and growth of spring 
wheat. Crop Sci. 48, 2372–2380, https://doi.org/10.2135/cropsci2007.12.0717 (2008).
 51. Prasad, P., Pisipati, S., Momčilović, I. & Ristic, Z. Independent and combined effects of high temperature and drought stress during 
grain filling on plant yield and chloroplast EF-Tu expression in spring wheat. J. Agron. Crop Sci. 197, 430–441, https://doi.
org/10.1111/j.1439-037X.2011.00477.x (2011).
 52. Rebetzke, G. J. et al. Plot size matters: interference from intergenotypic competition in plant phenotyping studies. Funct. Plant Biol. 
41, 107–118, https://doi.org/10.1071/FP13177 (2014).
 53. Troccoli, A., Borrelli, G., De Vita, P., Fares, C. & Di Fonzo, N. Mini review: durum wheat quality: a multidisciplinary concept. J. 
Cereal Sci. 32, 99–113, https://doi.org/10.1006/jcrs.2000.0322 (2000).
 54. Barutcular, C. et al. Quality traits performance of bread wheat genotypes under drought and heat stress conditions. Fresenius 
Environ. Bull. 25, 6159–6165 (2016).
 55. Saleh, A. S., Wang, P., Wang, N., Yang, S. & Xiao, Z. Technologies for enhancement of bioactive components and potential health 
benefits of cereal and cereal-based foods: Research advances and application challenges. Crit. Rev. Food Sci. Nutr. 59, 207–227, 
https://doi.org/10.1080/10408398.2017.1363711 (2019).
 56. Ashraf, M. A., Ashraf, M. & Ali, Q. Response of two genetically diverse wheat cultivars to salt stress at different growth stages: leaf 
lipid peroxidation and phenolic contents. Pak. J. Bot. 42, 559–565 (2010).
 57. Ahmed, I. M. et al. Secondary metabolism and antioxidants are involved in the tolerance to drought and salinity, separately and 
combined, in Tibetan wild barley. Environ. Exp. Bot. 111, 1–12, https://doi.org/10.1016/j.envexpbot.2014.10.003 (2015).
 58. Ficco, D. B. et al. The colours of durum wheat: a review. Crop Pasture Sci. 65, 1–15, https://doi.org/10.1071/CP13293 (2014).
 59. Ramachandran, A., Pozniak, C. J., Clarke, J. M. & Singh, A. K. Carotenoid accumulation during grain development in durum wheat. 
J. Cereal Sci. 52, 30–38, https://doi.org/10.1016/j.jcs.2010.02.014 (2010).
 60. Monneveux, P., Rekika, D., Acevedo, E. & Merah, O. Effect of drought on leaf gas exchange, carbon isotope discrimination, 
transpiration efficiency and productivity in field-grown durum wheat genotypes. Plant Sci. 170, 867–872, https://doi.org/10.1016/j.
plantsci.2005.12.008 (2006).
 61. Feng, B. et al. Effect of heat stress on the photosynthetic characteristics in flag leaves at the grain-filling stage of different heat-
resistant winter wheat varieties. J. Agron. Crop Sci. 200, 143–155, https://doi.org/10.1111/jac.12045 (2014).
 62. Awasthi, R. et al. Individual and combined effects of transient drought and heat stress on carbon assimilation and seed filling in 
chickpea. Funct. Plant Biol. 41, 1148–1167, https://doi.org/10.1071/FP13340 (2014).
 63. Jiang, Y. & Huang, B. Physiological responses to heat stress alone or in combination with drought: a comparison between tall fescue 
and perennial ryegrass. Hortscience 36, 682–686, https://doi.org/10.21273/HORTSCI.36.4.682 (2001).
 64. Matin, M., Brown, J. H. & Ferguson, H. Leaf water potential, relative water content, and diffusive resistance as screening techniques 
for drought resistance in barley. Agron. J. 81, 100–105 (1989).
 65. Anjum, S. A. et al. Morphological, physiological and biochemical responses of plants to drought stress. Afr. J. Agric. Res. 6, 
2026–2032, https://doi.org/10.5897/AJAR10.027 (2011).
 66. Tambussi, E. A., Nogués, S. & Araus, J. L. Ear of durum wheat under water stress: water relations and photosynthetic metabolism. 
Planta 221, 446–458, https://doi.org/10.1007/s00425-004-1455-7 (2005).
 67. Hu, L., Wang, Z. & Huang, B. Photosynthetic responses of bermudagrass to drought stress associated with stomatal and metabolic 
limitations. Crop Sci. 49, 1902–1909, https://doi.org/10.2135/cropsci2008.12.0697 (2009).
17Scientific RepoRtS |         (2019) 9:14986  | https://doi.org/10.1038/s41598-019-49871-x
www.nature.com/scientificreportswww.nature.com/scientificreports/
 68. Monneveux, P., Jing, R. & Misra, S. Phenotyping for drought adaptation in wheat using physiological traits. Front Physiol. 3, 429, 
https://doi.org/10.3389/fphys.2012.00429 (2012).
 69. Sharma, D. K., Andersen, S. B., Ottosen, C.-O. & Rosenqvist, E. Phenotyping of wheat cultivars for heat tolerance using chlorophyll 
a fluorescence. Funct. Plant Biol. 39, 936–947, https://doi.org/10.1071/FP12100 (2012).
 70. Xin, M. et al. Diverse set of microRNAs are responsive to powdery mildew infection and heat stress in wheat (Triticum aestivum L.). 
BMC Plant Biol. 10, 123–133, https://doi.org/10.1186/1471-2229-10-123 (2010).
 71. Kruszka, K. et al. Transcriptionally and post-transcriptionally regulated microRNAs in heat stress response in barley. J. Exp. Bot. 65, 
6123–6135, https://doi.org/10.1093/jxb/eru353 (2014).
 72. Qin, D. et al. Heat stress-responsive transcriptome analysis in heat susceptible and tolerant wheat (Triticum aestivum L.) by using 
Wheat Genome Array. BMC Genomics 9; https://doi.org/10.1186/1471-2164-9-432 (2008).
 73. Stapel, D., Kruse, E. & Kloppstech, K. The protective effect of heat shock proteins against photoinhibition under heat shock in barley 
(Hordeum vulgare). J. Photochem. Photobiol. B Biol. 21, 211–218 (1993).
 74. Hu, W., Hu, G. & Han, B. Genome-wide survey and expression profiling of heat shock proteins and heat shock factors revealed 
overlapped and stress specific response under abiotic stresses in rice. Plant Sci. 176, 583–590, https://doi.org/10.1016/j.
plantsci.2009.01.016 (2009).
 75. Grigorova, B., Vaseva, I., Demirevska, K. & Feller, U. Combined drought and heat stress in wheat: changes in some heat shock 
proteins. Biol. Plant. 55, 105–111, https://doi.org/10.1007/s10535-011-0014-x (2011).
 76. Rampino, P. et al. Acquisition of thermotolerance and HSP gene expression in durum wheat (Triticum durum Desf.) cultivars. 
Environ. Exp. Bot. 66, 257–264, https://doi.org/10.1016/j.envexpbot.2009.04.001 (2009).
 77. Maestri, E. et al. Molecular genetics of heat tolerance and heat shock proteins in cereals. Plant Mol. Biol. 48, 667–681, https://doi.
org/10.1023/A:1014826730024 (2002).
 78. Barua, D., Downs, C. A. & Heckathorn, S. A. Variation in chloroplast small heat-shock protein function is a major determinant of 
variation in thermotolerance of photosynthetic electron transport among ecotypes of Chenopodium album. Funct. Plant Biol. 30, 
1071–1079 (2003).
 79. Allakhverdiev, S. I. et al. Heat stress: an overview of molecular responses in photosynthesis. Photosynth. Res. 98, 541–550, https://
doi.org/10.1007/s11120-008-9331-0 (2008).
 80. Maccaferri, M. et al. Durum wheat genome highlights past domestication signatures and future improvement targets. Nat. Genet. 
51, 885–895 (2019).
Acknowledgements
Dr. Liu is supported by an Australian Research Council Discovery Early Career Award (Project Number 
DE180100784) funded by the Australian Government. We thank Durum Breeding Australia’s southern breeding 
program who supplied germplasm for this study, Nick Smart (South Australian Research and Development 
Corporation) for maintaining the glasshouse environment, and Katherine Allder for helping with the Rapid N 
measurement.
Author contributions
H.L., A.J.A. and J.A.A. conceived and designed the experiments. H.L. performed the experiments. H.L., A.J.A. 
and J.A.A. analysed the data. H.L., A.J.A. and J.A.A. wrote and reviewed the manuscript.
competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-49871-x.
Correspondence and requests for materials should be addressed to H.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
